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Introduction
The La Maddalena archipelago (north-eastern Sardinia, Italy) is considered a hot spot of biodiversity characterized by a large number of endemic species and multiple habitats typical of the Mediterranean climate (Bocchieri 1992) . The archipelago comprises 7 major islands and more than 50 small islets. The natural vegetation of the main islands is characterized by evergreen forest trees such as Juniperus phoenicea, Olea europaea var. sylvestris, Quercus ilex, Salix atrocinerea and Tamarix africana, mixed with species typical of the Mediterranean maquis such as Arbutus unedo,
Isolation and morphological characterization of canker-associated fungi
Symptomatic branch samples were taken to the laboratory and the outer bark surface tissue was cut away with a scalpel. Longitudinal and transversal cuts from symptomatic branch samples revealed internal symptoms. Fungi were isolated from chips of inner bark and xylem tissue (~5 mm 2 ) removed from the margin of necrotic lesions with a sterile scalpel. All chips were cultured on potato dextrose agar (PDA, Oxoid Ltd., Basingstoke, UK) in Petri dishes. After incubation at 25°C for 5-7 days in the dark, fungal colonies were sub-cultured onto half-strength PDA supplemented with autoclaved Q. ilex and P. lentiscus twigs and incubated at room temperature under natural daylight until pycnidia developed.
For each fungal species, colony growth characteristics including surface and reverse colony appearance were observed and recorded after 7 days of incubation at 25°C in the dark on PDA. Identification of isolates to species level was based on colony and conidial morphology as described by Phillips et al. (2013) .
For novel species, cardinal temperatures for growth were determined on plates of PDA incubated at 5, 10, 15, 20, 25, 30 and 35°C (±0.5°C) in the dark. Five replicate plates for each isolate were made and colony diameters were measured after 4 days. For microscopy, the contents of conidiomata were dissected and mounted in 100% lactic acid. Measurements of conidiogenous cells and conidia were made with the Leica IM 500 measurement module from images recorded with the ×100 objective on a Leica DFC 320 digital camera. Spore dimensions are presented as mean values of 50 conidia with extreme values in parentheses. Dimensions of other structures are given as means of at least 20 measurements. Budelli  1  41°16'48‖N  09°21'22‖E  3  3  Caprera  2  41°12'51‖N  09°27'01‖E  12  10  3  41°12'36‖N  09°27'42‖E  8  8  Mortorio  4  41°04'28‖N  09°36'10‖E  13  6  Santa Maria  5  41°17'47‖N  09°22'25‖E  5  3  Santo Stefano  6  41°11'56‖N  09°24'38‖E  5  5  Spargi  7 41°14'04‖N 09°21'11‖E 2 2 Representative isolates of each species were stored on PDA slants under oil in the culture collection of the Sez. di Patologia Vegetale ed Entomologia, Dipartimento di Agraria at the University of Sassari. A representative culture of the new Diplodia species was also deposited at the Centraalbureau voor Schimmelcultures (CBS), Utrecht, the Netherlands and nomenclatural data in MycoBank (Crous et al. 2004 ) and Faces of Fungi (Jayasiri et al. 2015) databases. The holotype was lodged with the herbarium of Instituto Nacional de Investigação Agrária e Veterinária I.P., Oeiras, Portugal (LISE).
DNA extraction, PCR amplification and sequencing
Genomic DNA was extracted from 5-day-old cultures grown on PDA at 25°C using Instagene Matrix (BioRad Laboratories, Hercules, California, USA). The internal transcribed 966 spacer (ITS) region of the ribosomal DNA was amplified and sequenced using primers ITS1 and ITS4 (White et al. 1990 ), while part of the translation elongation factor 1 alpha gene (tef1-α) was amplified and sequenced with primers EF446f and EF1035r (Inderbitzin et al. 2010) . PCR amplification was carried out as described by Linaldeddu et al. (2013) and the products were purified using the EUROGOLD gel extraction kit according to the manufacturer's instructions (EuroClone S.p.A., Pero, Italy). Both strands were sequenced by the BMR Genomics DNA sequencing service. Sequences were edited with FinchTV v1.4.0 (Geospiza, Inc., Seattle, Washington, USA) and compared with sequences deposited in GenBank using the BLAST algorithm. New sequences were deposited in GenBank (Table 2 & Table 4 ) and alignments in TreeBase (S19828).
Phylogenetic analyses
ITS and tef1-α sequences of the isolates obtained in this study were combined and aligned with sequences retrieved from GenBank, representing all 28 Diplodia species known from culture. Alignments were done with ClustalX v. 1.83 (Thompson et al. 1997 ) using the following parameters: pairwise alignment parameters (gap opening = 10, gap extension = 0.1) and multiple alignment parameters (gap opening = 10, gap extension = 0.2, transition weight = 0.5, delay divergent sequences = 25%). Alignments were checked and manual adjustments made if necessary using BioEdit v. 7.2.5 (Hall 1999) . Maximum likelihood (ML) analyses were done using MEGA6 (Tamura et al. 2013 ) using the best fitting DNA evolution model determined by the program. ML analyses were performed on a Neighbour-Joining starting tree automatically generated by the software. Nearest-Neighbour-Interchange (NNI) was used as the heuristic method for tree inference and 1000 bootstrap replicates were performed. The robustness of the trees was evaluated by 1000 bootstrap replications. Trees were visualized with TreeView v. 1.6.6 (Page 1996 ).
An initial ITS only phylogenetic analysis was carried out because for the species Diplodia huaxii, D. italica and D. pseudoplatani there are no tef1-α sequences available. However, since ITS alone cannot resolve all species in Diplodia an additional ITS plus tef1-α phylogenetic analysis was performed with all Diplodia species excluding the previously mentioned D. huaxii, D. italica and D. pseudoplatani.
Pathogenicity test
To verify the pathogenicity of each species investigated in this study, a field inoculation trial was conducted in August 2015 on asymptomatic P. lentiscus plants located on Caprera island (41°12'26‖N, 09°27'54‖E). During the experimental period, the daily mean air temperature was 20.3-31.5°C. Six branches (1-2.5 cm diameter) were inoculated with a representative isolate of each fungal species, and six uninoculated branches were used as controls. The inoculated region of the branch was surface-disinfected with 70% ethanol and a piece of outer and inner bark was removed with a flamed scalpel and replaced with an agar-mycelium plug taken from the margin of an actively growing colony on PDA. The inoculation site was covered with cotton wool soaked in sterile water and wrapped in a piece of aluminium foil secured with masking tape. Controls were inoculated with a sterile PDA plug applied as described above. After 1 month, the outer bark was carefully removed with a scalpel and the length of necrotic lesion surrounding each inoculation site was measured.
Re-isolation of inoculated species was attempted by transferring onto PDA 10 pieces of inner bark and wood taken from around the margin of each lesion. Cultures were grown in daylight and room temperature until fungal colonies developed.
Statistical analyses
Pathogenicity assay data were checked for normality, then subjected to analysis of variance (ANOVA). Significant differences among mean values were determined using Fisher's least significant differences multiple range test (P = 0.05) after one-way ANOVA using XLSTAT software (Addinsoft, Paris, France). 
Results

Field surveys
Out of 48 P. lentiscus plants investigated 37 displayed canopy disease symptoms, including the progressive dieback of twigs and branches associated with the abnormal growth of epicormic shoots (Fig. 1) . Furthermore, symptomatic branches showed sunken cankers often associated with reddish brown exudations. After removing the outer and inner bark from cankers, dark brown necrotic lesions of variable size were visible on the xylem tissue. In cross-section, necrotic lesions appeared with the characteristic wedge-shaped aspect typical of Botryosphaeriaceae infections (Fig. 1) .
Fungal isolation and identification
Isolation carried out from 37 cankered branch samples yielded a total of 36 fungal colonies belonging to the Botryosphaeriaceae. On the basis of morphological features and DNA sequence 968 data (ITS and tef1-α) , three distinct species were identified: Diplodia olivarum (10 isolates), N. cryptoaustrale (6 isolates) and N. luteum (2 isolates) ( Table 3) . For each species BLAST searches against GenBank showed 99-100% identity to reference sequences of representative strains including those of ex-type isolates. In addition, eighteen Diplodia-like isolates on the basis of morphological features and DNA sequence data could not be assigned to any formerly described species. Although all processed samples showed the same symptoms the assemblages of pathogens associated was very different among the islands (Table 3) . Diplodia olivarum was the species more widespread as it was isolated from plants in four of the six islands surveyed.
Phylogenetic analyses
The ITS ML analysis, as expected, did not resolve all species, especially within the clade containing D. sapinea, D. scrobiculata and other closely related species (Fig. 2) . Within this large clade, the Diplodia-like isolates from lentisk (CBS 140350, BL99 and BL183) obtained in this study formed a separated and well-supported (89% bootstrap) clade containing also isolates from narrowed-leaved ash (BL132 and BL133) and loquat (BN-55) Combined ITS plus tef1-α ML analysis resolved all Diplodia species although not all species clades received high (> 90%) bootstrap support (Fig. 3) Etymology -the epithet refers to the insular environments, where the species was originally found.
Sexual morph not seen. Conidiomata pycnidial, produced on Pistacia lentiscus twigs on ½ strength PDA within 2-4 weeks, solitary or aggregated, black, globose and uniloculate. Conidiophores absent. Conidiogenous cells hyaline, smooth, cylindrical, sometimes slightly swollen at the base, holoblastic, proliferating percurrently to form two or three distinct annellations or proliferating internally giving rise to periclinal thickenings, average of 20 conidiogenous cells 10.1 × 3.9 µm. Conidia initially hyaline becoming pigmented even while still attached to the conidiogenous cell, dark brown when mature, unicellular, rarely septate, ellipsoid to ovoid, wall finely roughened on inner surface 18.2-(22.6)-25.9 × 9.1-(11.7)-14.4 µm, ± S.D. = 22.6 ± 1.4 × 11.7 ± 0.6 µm, L/W 1.9 ± 0.2; n = 50).
Culture characteristics -Colonies on PDA attained 90 mm diameter before 7 days in the dark at 25 °C, the mycelium was moderately aerial, surface white at first and later turned pale grey to dark and dark in reverse.
Cardinal Notes -According to Ariyawansa et al. (2015) D. galiicola is phylogenetically most closely related to D. seriata but can be distinguished by the shorter conidia. Here we show that both species are indistinguishable in phylogenetic analyses. Also, as already mentioned above morphological variability is common in these fungi making it unreliable for species differentiation (Phillips et al. 2013 ).
Pathogenicity test
All four Botryosphaeriaceae species proved to be pathogenic on P. lentiscus. At the end of the experimental period, all branches inoculated with D. insularis, D. olivarum, N. cryptoaustrale and N. luteum displayed dark brown bark lesions that spread up and down from the inoculation site (Fig. 5) . The average lesion length differed significantly between species (F 3, 20 = 14.013, P < 0.001; Tab. 4), e.g. the lesions caused by N. cryptoaustrale (mean = 7 cm) were significantly larger than those caused by D. insularis (mean = 3.8 cm), D. olivarum (mean = 2.6 cm) and N. luteum (mean = 2.4 cm). In addition, the branches inoculated with D. insularis and N. cryptoaustrale displayed wilting symptoms and a wedge-shaped necrotic sector in cross section congruent with field observations. Control branches inoculated with sterile PDA plugs remained symptomless. All four fungal species were successfully re-isolated from symptomatic wood and inner bark tissues from all inoculated plants, thus fulfilling Koch's postulates (Tab. 4).
Discussion
This study represents the most comprehensive investigation of canker-causing agents of P. lentiscus to date in the Mediterranean region. For the first time the direct involvement of Botryosphaeriaceae species in the aetiology of canker and dieback symptoms of this important component of Mediterranean maquis was ascertained in various natural ecosystems. In particular, three fungal species belonging to two different genera were isolated and identified by means of morphological characters and DNA sequence data. These species included D. olivarum, N. cryptoaustrale and N. luteum. In addition, a novel species here described as Diplodia insularis was isolated. All four species are reported here for the first time on P. lentiscus. Strains of the new Diplodia species were first collected from declining Fraxinus angustifolia trees in Sardinia by Alves et al. (2014) , but they did not introduce a new species to accommodate these strains, although the existence of important morphological and genetic differences between the fungal isolates from F. angustifolia and those belonging to the complex Diplodia alatafructa/Diplodia pseudoseriata were detected. These differences have been confirmed in the current study and the isolates obtained from F. angustifolia and P. lentiscus in Italy as well as a strain recently isolated from E. japonica in Spain by González-Domínguez et al. (2016) (Phillips et al. 2013) . Phylogenetic analysis based on the ITS region raised some doubts about the status of the recently described species D. huaxii, D. italica and D. pseudoplatani (Wijayawardene et al. 2016 ). However, the ITS region is known to be insufficient to accurately discriminate species in Diplodia. Thus, this issue can only be clarified when tef1-α sequences are available for these species. In ITS plus tef1-α phylogenetic analysis the ex-type of D. galiicola clustered with the ex-epitype of D. seriata and both species could not be separated. A comparison of the sequences from both species showed that the differences reported between them are located at the start of the tef1-α sequence of D. galiicola. This part of the tef1-α sequence, although located in a very conserved region, was highly divergent compared to all other Diplodia species, which suggests sequencing errors and lack of editing. For this reason, it was excluded from the alignments and coded as missing data.
Additionally, combined ITS and tef1-α phylogeny showed that the recently described D. guayanensis and D. scrobiculata (Úrbez-Torres et al. 2016 ) cannot be differentiated. A careful examination of sequence alignments showed that there are no differences in the ITS sequence and no fixed polymorphisms in the tef1-α sequences of D. guayanensis and the ex-type isolate of D. scrobiculata CBS118110 (= CMW189). Apparently these two species differ in a single nucleotide in the sequence of the β-tubulin gene. The differences between our results and those reported by Úrbez-Torres et al. (2016) arise from the fact that those authors used in their phylogenetic analyses older sequences for D. scrobiculata (ITS: AY253292 and tef1-α: AY624253) while we used more recent ones (ITS: KF766160 and EF: KF766399). Comparing the sequences it is evident that the older ones are shorter and contain sequencing errors. Thus, for the reasons explained above, D. guayanensis is considered as a synonym of D. scrobiculata and D. galiicola a synonym of D. seriata.
The pathogenicity of all Botryosphaeriaceae species obtained in this study was confirmed through an inoculation experiment in the field. All isolates tested were able to cause necrotic lesions and the isolate of N. cryptoaustrale proved to be highly aggressive. Neofusicoccum cryptoaustrale has previously been reported as an aggressive pathogen on other woody hosts in Sardinia such as Vitis vinifera and Juniperus phoenicea (Linaldeddu et al. 2010 , Andolfi et al. 2012 . The high degree of aggressiveness observed in this study for D. insularis is in agreement with the results obtained by González-Domínguez et al. (2016) on E. japonica in Spain.
Diplodia olivarum was first reported from rotting olive drupes and cankered branches of Ceratonia siliqua in Italy (Lazzizera et al. 2008 , Granata et al. 2011 . Subsequently it was reported as associated with declining Prunus dulcis trees in Spain (Gramaje et al. 2012 ) and cankered branches of Quercus coccifera in Tunisia (Alves et al. 2014) .
Neofusicoccum luteum is emerging as a common and cosmopolitan species on diverse host plants, and it is now recognized as an aggressive pathogen of Crataegus mexicana, Eucalyptus camaldulensis, Olea europaea, Persea americana, Quercus robur, Rhododendron spp., Syzygium cordatum and V. vinifera (Pavlic et al. 2007 , McDonald et al. 2009 , Sergeeva et al. 2009 , Pintos Varela et al. 2011 , Amponsah et al. 2012 , Adesemoye et al. 2013 , Barradas et al. 2013 , Deidda et al. 2016 . Furthermore, N. luteum has recently been reported as a pathogen of E. arborea on Caprera island (Linaldeddu et al. 2015b) . Erica arborea represents a -sporulation host‖ for N. luteum, large numbers of conidiomata and ascomata develop on infected shoots throughout the year, which serve as an important inoculum source (Linaldeddu unpublished data) .
Members of Botryosphaeriaceae family represent a growing threat to agricultural crops, urban and natural forest ecosystems in Sardinia (Linaldeddu et al. 2014 (Linaldeddu et al. , 2015a (Linaldeddu et al. , 2016 . In particular, over the last few years there has been an exponential increase in the occurrence of diseases caused by species of this family in natural areas on the east coast of Sardinia, in particular on the islands of the La Maddalena archipelago, where in a limited geographic area of about 5,134 hectares, the involvement of 16 different species in the aetiology of new or unusual diseases of species of Mediterranean maquis have been detected (Linaldeddu unpublished data) . This finding raises questions about the origin, introduction and pathway of these fungi as well as underlining the need to develop suitable actions to limit their further spread.
